This work deals with the effect of Cu doping on thermal stability of the structural properties of Y-stabilized ZrO 2 nanopowders and dopants' spatial distribution. The powders were synthesized by a co-precipitation technique, calcinated at T c = 500-1100 °C during 2 h and studied by x-ray diffraction (XRD) and transmission electron microscopy. Calcination at T c = 500 °C results in the formation of ZrO 2 nanocrystals with tetragonal phase predominantly. The shifts of XRD peak positions of Cu-doped powders to larger angles in comparison with those of Cu-free ones testify to the Cu presence inside nanocrystals. The T c increase results in two main processes: (i) the nonmonotonic shift of XRD peak positions and (ii) the phase transformation (tetragonal to cubic and both of them to monoclinic). This observation was explained by, at first, Cu atoms incorporation into the nanocrystal volume from the surface complexes (T c = 500-700 °C) and then their outward diffusion followed by the formation of crystalline CuO (T c > 700 °C). Phase transformation sets in at T c = 700 °C, when monoclinic phase appears. Its contribution rises till T c = 1000 °C. The mechanism of monoclinic phase formation is supposed to be consisted of the out-diffusion of interstitial Cu ions due to their shift from lattice sites. This promotes an appearance of the channels for Y out-diffusion via cation vacancies and results in phase transformation. The sintering process stimulated by CuO formation is proposed to be responsible for appearance of cubic phase at
Introduction
Nowadays, one of the renewable energy technologies is the development of fuel cells, metal-air batteries and water splitting devices [1] [2] [3] [4] . However, most of the materials used for these purposes have low catalytic activity, high cost and low durability. For instance, platinum based catalysts, being the most used for oxygen reduction [4] , suffer from high cost and scarcity. However, it was demonstrated that platinum-ruthenium nanoparticles can be uniformly distributed in nitrogen-doped graphene aerogel [1] . These materials exhibit an unprecedented performance towards the methanol electrochemical oxidation reaction and can be directly used as the anode of direct methanol fuel cells by simple physical pressing without the need for any binders or additives [1, 2] . On the other hand, the use of non-noble electro-catalysts becomes more and more attractive [5, 6] . For instance, it was proposed to use carbon-based nanoscale metal-organic frameworks with controllable size and shape as the pyrolytic precursors to achieve high performance of oxygen reduction catalysts [7, 8] .
The increasing demand for drinking water causes the development of novel approaches for its production, purification and desalinization [9] [10] [11] . In this regard, the application of metal oxide nanoparticles (such as TiO 2 , CeO 2 , Fe 2 O 3 , etc) is attractive. Recently, the graphene-activated metal oxide nanoparticles were used for the capacitive deionization of saline water [9] . Besides, promising catalytic properties were observed for carbon-free ZnS/ ZnO hybrid nanoparticles with graded composition [12] .
Metal oxide nanoparticles attract also considerable attention due to their peculiar physical and chemical properties in comparison with ordinary metal oxides. Nanopowders and composites on their basis demonstrate unique Thermo-stimulated evolution of crystalline structure and dopant distribution in Cu-doped Y-stabilized ZrO 2 nanopowders magnetic, optical, chemical, luminescent, mechanical and thermal properties. Their applications cover also different types of sensors, luminescent markers, pigments and image displays, abrasive materials and ceramics, fuel cells and batteries, etc.
Among different metal oxide nanoparticles, ZrO 2 has attracted considerable attention because of its mechanical, electric, thermal and luminescent properties offering diverse applications such as catalysts, high temperature and corrosion resistant coatings [11, 13] , oxygen sensors [14, 15] , UV dosimeters [16] , biological labelling [17] , radiation detectors [18, 19] etc. Different emission bands can be observed in visible spectral range from pure [20] , and/or Y-stabilized ZrO 2 materials [21, 22] allowing an application of zirconia for white light emitting devices.
In recent years, along with ZrO 2 , Cu-doped ZrO 2 composites have been intensively investigated due to their excellent catalytic activity [23] [24] [25] and tribological behavior [26] . Besides, the presence of Cu impurity in the monoclinic ZrO 2 nanocrystals was recently found to result in the appearance of specific green photoluminescence band [27, 28] .
For successful application of these composites, it is necessary to find a way to control the shape and size of the nanoparticles, their surface termination and dopant spatial localization, to minimize nanoparticle agglomeration, to monitor the transformation of crystalline structure caused by high-temperature treatment and to enhance their thermal and chemical stability.
The properties of Cu-doped composites depend on the spatial localization of copper in nanocomposite. Copper can locate inside the nanocrystals, being incorporated in their volume [28, 29] or subsurface area, as well as on the crystal surface. Except the luminescence caused by Cu ions in crystal volume [28] , the most of interesting properties of Cu-doped zirconia are caused by Cu embedded in its subsurface region [23] [24] [25] or located on the crystallite surface [26] . The latter can be found as pure Cu [23] , CuO [25, 29] or surface complexes containing Cu [30, 31] and/or different ligands [32] . In particular, surface located CuO serves as lubricant [26, 33] and favors the densification of the ceramics formed from zirconia-based compounds [34] , while Cu ions embedded in the surface region of the grains (Cu in the substitutional sites [23] , complexes built from Cu cation and oxygen vacancies [24, 30] ) were proposed to determine the catalytic activity of composite.
It is known that the composite properties depend also on its structure. Specifically, it was shown [25] that the crystallite phase is the important factor that controls the functional properties of the catalyst. It was reported that Cu/ZrO 2 catalyst based on the tetragonal (t) and monoclinic (m) phase of zirconia shows the different activity for methanol synthesis [24] , ethanol dehydrogenation [35] and CO oxidation [36] . A number of studies show that among different ZrO 2 phases, the tetragonal one exhibits better catalytic properties [37, 38] .
It is apparent that the technological procedure (specifically, the method of powder fabrication, doping and calcination temperature) can affect its structure as well as Cu distribution in the composite. One of the ways of tetragonal phase stabilization is the doping of zirconia with elements having lower valences. Usually, the t-ZrO 2 phase is stabilized by the Y doping. Thus, the Y-stabilized ZrO 2 composites can be considered as a potential support oxide for Cu. However, Cu incorporation results also in m-t transformation [39] or even the appearance of cubic (c) phase [40] . Along with this, co-doping with Cu and Y can affect the structural properties of the composite in comparison with single (Cu or Y) doped zirconia. In fact, ZrO 2 doped with 3 mol% of Y conserves the tetragonal phase up to 1000 °C [34, 41] while the co-doping with Cu decreases the temperature of its transformation to monoclinic one [34] . However the mechanism of this phenomenon was not elucidated. Therefore, the investigation of the structure of co-doped material versus the Cu content as well as the annealing regimes is important. Besides, such experiments can provide information on Cu localization in composite that is essential for its application.
It is worth to note that among different fabrication approaches, co-precipitation technique is rare addressed. However, this method allowed producing the powders with uniform distribution of elements as it was demonstrated for Y-stabilized ZrO 2 [20, 42] . Besides this approach allows controlling spatial localization of impurities via monitoring of pH factor of solution. This was demonstrated for Cr-doped and Ag-doped Y-stabilized ZrO 2 [41, 43] .
In this paper, the effect of both Cu content and calcination temperature on structural properties of Cu-doped Y-stabilized ZrO 2 nanopowders prepared by co-precipitation technique was studied by x-ray diffraction and transmission electron microscopy methods.
Experimental details
The 3 mol% Y 2 O 3 -ZrO 2 nanopowders doped with Cu were synthesized by a co-precipitation technique using Zr, Y and Cu nitrates in molar ratio Zr(NO 3 ) 2 :Y(NO 3 ) 3 :Cu(NO 3 ) 2 = 96:3:1 and 89:3:8 dissolved in distilled water. With such a composition the CuO concentration of 1 mol% (Cu-1 samples) or 8 mol% (Cu-8 samples) was obtained. More details can be found in [28] . The xerogel was calcinated at T c = 500-1100 °С for 2 h and cooled slowly in the furnace.
Structural properties were studied by x-ray diffraction (XRD), as well as by conventional and high-resolution (HR) transmission electron microscopy (TEM) methods. XRD data were collected in the range of 2Θ = 20-80° using Thermo Scientific ARL X'TRA diffractometer with Cu K α radiation (λ = 0.154 18 nm) in Bragg geometry. For TEM observations, powders were mixed to butanol before being spread on a holey carbon copper grid.
Conventional TEM observations were performed using a 2010 FEG JEOL microscope operated at 200 kV. HREM images and chemical data (EDX maps and HAADF images) were recorded with a double corrected cold FEG ARM200 JEOL microscope operated at 200 kV and equipped with a Centurio EDX JEOL setup.
Results

XRD data
Generally, undoped ZrO 2 demonstrates several XRD reflections in the range of 2Θ = 25-80° whose number depends on crystalline structure. The peaks at 2Θ = 28.05°, 31 [44] , the peaks at 2Θ = 30.4°, 35.5°, 50.5°, 73.05°, 74.58° are from tetragonal (t) phase (JCPDS 80-0784) [45] , while for the cubic (c) phase they can be observed at 2Θ = 30.33°, 35.16°, 50.58° and 74.33° (PDF #01-071-4810) [46] . Obviously, most of the peaks resulting from tetragonal and cubic phases are close to each other. Therefore, to discriminate unambiguously these phases, the peaks in the range of 73-75° are usually used [21, 47, 48] . As it was noted above, the cubic phase shows in this range only a single peak at 2Θ ~ 74.33°, while the tetragonal phase demonstrates two peaks at 2Θ ~ 73.05° and 74.58°.
The original xerogels were amorphous (not shown), while calcination procedure results in its crystallization. XRD patterns of Cu-1 and Cu-8 samples calcinated at T c = 500-1100°С are shown in figure 1. It is seen that the positions of XRD peaks differ from those mentioned above due to the doping of ZrO 2 .
The Cu-1 and Cu-8 samples calcinated at 500 and 600 °C show the XRD peaks that can be ascribed to both tetragonal and cubic phases because only one peak in the range of 2Θ = 73-75° is present. This single peak can be caused by either dominant contribution of the cubic phase or by the small sizes of tetragonal nanocrystals. In the latter case, the absence of two peaks can result from the broadening and overlapping of two tetragonal peaks. This hampers the clear determination of the type of crystalline phase. However, the asymmetric shape of the peak in 2Θ = 73-75° range testifies for the significant contribution of tetragonal phase. Therefore, we can conclude that the main contribution to the XRD patterns of Cu-1 and Cu-8 samples calcinated at 500 and 600 °C is given by tetragonal phase.
This statement is confirmed by the Rietveld refinement performed for these samples. The XRD patterns were modelled by the combination of cubic and tetragonal phases using JANA2006 program [49, 50] . The background was refined by a polynomial with 10 refinable coefficients. The peak shape was refined using a Pseudo-Voight function. Figure 2 (a) presents the results obtained for Cu-8 sample calcinated at 500 °C. The XRD pattern can be approximated by the tetragonal phase with low content of cubic one (~3%). Similar result was obtained for Cu-8 sample calcinated at 600 °C as well as for Cu-1 calcinated at 500 and 600 °C. The presence of two phases can be caused by the size distribution of ZrO 2 nanocrystals, the contribution of cubic phase being connected with the smallest ones. The main contribution of tetragonal phase in the samples calcinated at low temperature was confirmed by the Raman scattering spectra [28] .
The tetragonal phase (two peaks in 73-75° range) is clearly observed for all samples calcinated at 700-900 °C and till 900 °C this phase is dominant (figures 1(a) and (b)). The decrease of cubic phase contribution is obviously caused by the increase of crystalline sizes. At the same time the increase of T c to 1000 °C results in the transformation of tetragonal phase into cubic one that is confirmed by the Rietveld refinement ( figure 2(b) ). This phase remains at T c = 1100 °C also. Along with tetragonal or cubic phases, a T c increase above 600 °C results in the appearance of the monoclinic phase.
The phase composition was estimated using Rietveld refinement and reference intensity ratio (RIR) methods (table 1) . The analysis by the RIR method was performed using XRD peaks at 2Θ ~ 30° (for tetragonal and cubic phases) and at 2Θ ~ 28° (for monoclinic phase).
Such analysis shows small contribution of monoclinic phase in the samples calcinated at Т с = 700-800 °С (~1-3%). Its content rises essentially with T c . For Cu-1 and Cu-8 samples calcinated at T c = 1000 °С, its proportion is about 71 and 74%, respectively. However, the T c raise up to 1100 °C leads to the decrease of this phase contrib ution. Besides XRD peaks related to ZrO 2 phase, additional peaks at 2Θ = 35.5° and 68.1° were clearly detected for Cu-8 samples calcinated at 900-1100 °C. These reflections are caused by the presence of CuO phase ( figure 3) .
The coherent domain sizes of tetragonal (cubic) and monoclinic phases, d, were estimated from XRD data using Scherer formula d = Kλ/(β · cosΘ), where K = 0.9 is a dimensionless shape factor, λ = 0.154 18 nm, β is a full width at half the maximum intensity and Θ is the Bragg angle. The d values for tetragonal (or cubic) phase were found to increase gradually from ~11.4 nm (500 °C) up to 35-39 nm (1000 °C) being independent practically on CuO content (table 1) . For monoclinic phase, d value is slightly larger (29-51 nm).
It was found that all reflections of Cu-1 and Cu-8 samples are shifted to higher angles in comparison with the corresponding peak positions for Cu-free samples [46] , this shift being higher in Cu-8 samples. Besides, the peak positions depend on calcination temperature. These dependencies for the reflection of tetragonal (or cubic) phase at 2Θ ~ 30°, which is not overlapped with the reflections of monoclinic one, are shown for Cu-1 and Cu-8 samples in figure 4(a) .
It is seen that these dependencies are non-monotonic: at first, with T c increase, the peak under consideration shifts to higher angles, then it moves to lower ones and, finally, shifts to the higher angles again. As figure 4 shows, the peak shift to higher angles in Cu-8 samples takes place up to T c = 700 °C while in Cu-1 samples, it is observed till T c = 600 °C, i.e. being dependent on Cu content. The peak shift to lower angles starts from Т с = 700-800 °С and increases with the increase of monoclinic phase content. It is interesting that for Cu-1 and Cu-8 samples calcinated at 900 °C the XRD peaks are close to each other ( figure 4(a) ) approaching the peak position observed for Cu-free samples [46] . However, the sharpest shift takes place at 1000 °C when the contribution of monoclinic phase is the highest. The calcination at 1100 °C results in the opposite (to higher angles) shift of XRD peak at 2Θ ~ 30° in both types of samples.
The positions of monoclinic phase reflections (which are clearly observed for Т с = 900-1100 °С) depend also on Т с ( figure 4(b) . However, they shift with T c to the opposite side in comparison with the tetragonal (cubic) peaks being dependent on the monoclinic phase contribution ( figure 4(b, insert) . 
TEM observations
The powders, in which the contribution of monoclinic phase becomes to be considerable, were chosen for TEM observation. Figure 5 (a) shows a typical bright field TEM image of the powder Cu-8 calcinated at 900 °C. It is seen the presence of large particles with external size up to 150 nm. They consist of nanocrystals of different crystalline phases that is shown by the selective-angle electron diffraction (SAED) image ( figure 5(b) ).
High-resolution TEM observations confirm that the large particles consist of smaller nanocrystals (figures [6] [7] [8] . This suggests that the calcination stimulates their partial sintering. The fast Fourier transform analysis of HRTEM images shows that small grains are single crystallites of monoclinic (figure 6), tetragonal (figure 7) and cubic (figure 8) phases. However, the cubic crystallites are of small content that does not allow their detection by XRD method. The average size of monoclinic nanocrystals was found to be about 70 nm, while the tetragonal (cubic) ones were about 40 nm. Note that the coherent domain size estimated from XRD data was found to be smaller. This difference can be explained by the presence of extended defects (figures 6-8).
The analysis of chemical composition, performed by EDX method, for grains with different crystalline phases revealed the lower Y content in monoclinic grains (table 2) . It should be noted that Cu content could not be determined precisely by EDX measurements due to the use of a holey carbon copper grid for powder observation which enhances the copper content in the copper quantification. However, STEM EDS study showed that tetragonal grains have homogeneous spatial distribution of Y and Cu (figure 9). Similar result has been obtained for monoclinic grains (not shown).
Discussion
Cu localization
As it was mention above, all XRD reflections of Cu-1 and Cu-8 samples calcinated at low T c (500 °C) are shifted to higher angles in comparison with the corresponding peak positions for ZrO 2 samples doped with 3 mol% Y 2 O 3 . Because this shift is higher for Cu-8 samples than for Cu-1 ones, it can be ascribed to Cu incorporation into the nanocrystals, Cu content in Cu-8 samples being higher than in Cu-1 ones. In fact, it is known [39, 40] that Cu incorporation results in a decrease of lattice constant. Thus, in our samples, Cu is present in nanocrystals already at low T c .
As figure 4 ,a shows, the shift of XRD reflection of tetragonal phase (at 2Θ ~ 30°) to the higher angles occurs with T c increase up to 600 °C for Cu-1 samples and up to 700 °C for Cu-8 ones. Therefore, it can be concluded that the calcination at these temperatures stimulates the additional Cu incorporation in ZrO 2 nanocrystals from surface substances. Such substances can be, for example, Cu-related surface complexes manifested themselves in electron paramagnetic resonance spectra [15] or CuO molecules [11] .
At the same time, for T c > 700 °C, this XRD peak shifts to the lower angles. One of the reasons can be the Cu out-diffusion because the Y out-diffusion has to result in opposite shift. This conclusion is confirmed by the fact that for the samples calcinated at 900 °C, the peak positions in Cu-1 and Cu-8 samples are close to each other and nearly the same as the peak position in the samples doped with Y only [46] . This fact allows concluding that some part of copper ions removes from the tetragonal grains at T c = 900 °C. This is in agreement with the appearance of XRD peaks from CuO phase in the samples calcinated at this temperature ( figure 3 ). At the same time, Y content in tetragonal nanocrystals does not change essentially. This is confirmed by EDX measurements (table 2) . Thus, the variation of T c enables to control the copper localization in composite. However, the largest shift of XRD peak positions to the lower angles takes place at T c = 1000 °C when monoclinic phase contribution increases essentially. At the same time, the XRD peaks of monoclinic phase are found to be shifted to the higher angles. One of the reasons of this phenomenon can be the presence of some species on crystallite surface that results in an appearance of mechanical stresses due to lattice mismatch. For instance, in our case such species can be CuO. However, CuO formation cannot explain the opposite shift of tetragonal (cubic) and monoclinic peaks because the CuO cell parameters are smaller than those of m-and t-ZrO 2 phases. On the other hand, the cell parameters of m-ZrO 2 exceed those of t-ZrO 2 . When both phases contact directly, the monoclinic phase has to expand the tetragonal one, while the tetragonal phase will compress the monoclinic one. This will result in opposite shift of XRD reflections of these phases. This assumption is confirmed by the dependence of XRD peak positions of both phases on monoclinic phase contribution ( figure 4(b) ).
Two reasons of such contact can be considered: (i) the presence of the boundary between blocks with different phases in one crystallite; (ii) the sintering of crystallites of different phases. Since the comparison of XRD and TEM data showed that the nanocrystals contain extended defects (that can be block boundaries) as well as TEM observations revealed the sintering process, one can suppose that both possibilities can happen in our samples. In our case, the sintering can be stimulated by the CuO appearance on the crystallite surface. In fact, it is known that CuO promotes the ceramics compacting [34] . On the other hand, the contact of different phases inside one nanocrystal was observed for other nanocrystalline materials [51] .
The mechanism of phase transformation
Along with the changes in Cu localization, the increase of T c results also in a phase transformation. In particular, the calcination at T c = 1000-1100 °C leads to the appearance of cubic phase. This can be caused by the sintering of powder that results in tensile stresses in the nanocrystals of tetragonal phase. It is known that such stresses stimulate the formation of cubic ZrO 2 [52, 53] while compressive stresses favor t-m transformation [54] . In addition, the T c increase promotes the appearance of monoclinic phase and increase of its contribution. However, for T c = 1100 °C it decreases probably due to sintering process stimulated by CuO formation.
The transformation of tetragonal (cubic) phase to monoclinic one requires the decrease of the number of oxygen vacancies that stabilized tetragonal (cubic) phase. In doped ZrO 2 this supposes the decrease of the dopant concentration. For our samples, Cu out-diffusion is confirmed by the CuO formation. The Y out-diffusion is observed by the EDX analysis showed much lower Y content in monoclinic nanocrystals than in tetragonal ones (table 2) .
The changing of oxygen vacancies' number can occur in two ways: (i) Cu and Y out-diffusion as primary process followed by the filling of vacancies by oxygen due to its in-diffusion or (ii) vice versa when the primary process is oxygen in-diffusion.
We consider that the process (i) is responsible for t-m (c-m) transformation in our samples. In fact, in spite of high enough mobility of oxygen via vacancies [55, 56] , Y stabilized zirconia keeps tetragonal phase (i.e. oxygen vacancies) till 1000 °C [57] . At the same time, the formation of monoclinic phase in Cu-doped Y-stabilized zirconia occurs at lower temperature than in Cu-free ones that is explained in the section 4.3.
The mechanism of Cu out-diffusion
Copper out-diffusion cannot take place via vacancy mechanism because of the absence of significant content of cation vacancies. In fact, the oxygen vacancies are the prevalent intrinsic defects. On the other hand, it is known that interstitial Cu ions (Cu i ) are the highly mobile defects in the number of compounds, specifically, in II-VI ones [58, 59] where the drift of Cu i in the electric field was observed at temperatures of about 300 °C and activation energy of the process in CdS was found to be ~0.4 eV [58] . Therefore, one can conclude that Cu out-diffusion realized via interstitial mechanism. In this case, the T c rise promotes the shift of Cu Zr ions from the lattice sites to interstitials and then Cu i can easily diffuse to the surface which obviously plays the role of the sink that is in agreement with the data of [23] .
When the concentration of cation vacancies, appeared due to Cu Zr shift into interstitials, becomes considerable, the Y diffusion via these vacancies can occur. For instance, the diffusion of substitutional impurities such as Li Cd and Na Cd via Cd vacancies was observed in p-type of CdTe at room temperature [60] . Thus, it can be supposed that the process of Cu Zr atom replacement limits the out-diffusion of copper and yttrium leading to t-m or c-m phase transformation. Proposed mechanism can explain the decrease of the temperature of t-m transformation in (Cu, Y)-codoped samples compared to Cu-free ones. Besides, obtained results show that not only t-m, but also t-c phase transformation in our samples is caused by Cu out-diffusion to crystallite surface.
The dependence of monoclinic phase contribution on T c in the temperature range of 700-1000 °C allows a rough estimation of activation energy of phase transformation. These dependencies for Cu-1 and Cu-8 samples in the form of Arrhenius plot are shown in figure 10 . The obtained activation energy was found to be nearly 1.9 eV for both set of samples. In general case, it includes the activation energy of Cu shift from lattice site to interstitial and activation energy of impurity diffusion.
Conclusions
The structural properties of Y-stabilized ZrO 2 nanopowders doped with Cu and synthesized by a co-precipitation technique were studied by XRD and TEM methods. The powders calcinated at 500 °C show predominantly the tetragonal phase. For these samples, the XRD peak positions are shifted to higher angles compared to those of Cufree ones that testifies to the Cu presence in nanocrystals.
With T c increase, two main processes are observed. One of them is the phase transformation (tetragonal to cubic and both of them to monoclinic) and another one is the shift of XRD peak positions. The monoclinic phase appears at T c = 700 °C, its contribution increases till T c = 1000 °C and decreases at T c = 1100 °C. It is shown that tetragonal-to-cubic transformation sets in at 1000 °C.
It was found that the T c increase results in a non-monotonic shift of tetragonal (cubic) peak positions: at first, to higher angles (500-700 °C), then, to lower ones (800-1000 °C), and again to the higher angles (1100 °C). The high-angle shift testifies to additional Cu incorporation in nanocrystals from surface complexes, while the opposite shift can be assigned to reverse process followed by the CuO formation on nanocrystal surface. One more reason of the shift of XRD peak positions of tetragonal (cubic) phase at T c > 900 °C is the appearance of the stresses. In this case, the XRD peak positions of monoclinic phase shift in opposite side. This was explained by the tensile stresses caused by the contact of cubic and monoclinic grains appeared obviously due to CuO stimulated sintering process. These stresses are the reason of t-c phase transformation. The t-m and c-m phase transformation is explained by the shift of Cu ions from lattice sites to interstitials that stimulates their out-diffusion via interstitials and, consequently, promotes Y out-diffusion through the cation vacancies.
